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and was reduced to 15% of control by sAC siRNA. Protection by HCO 3 Ϫ was eliminated in siRNA-treated cells. Similarly, caspase-3 activity and cytochrome c release were reduced by HCO 3 Ϫ and enhanced by 2HE or siRNA. Analysis of percent annexin Vϩ cells as a function of [cAMP] revealed an inverse, nonlinear relation, suggesting a protective threshold [cAMP] of 10 pmol/mg protein. Relative levels of phosphorylated cAMP response element binding protein and phosphorylated Bcl-2 were decreased in CEC treated with 2HE or siRNA, suggesting that HCO 3 Ϫ -dependent endogenous sAC activity can mobilize antiapoptotic signal transduction. Overall, our data suggest a new role for sAC in endogenous cellular protection. adenosine 3=,5=-cyclic monophosphate; 2-hydroxyestradiol; protein kinase A; phosphorylated Bcl-2 THE BARRIER FUNCTION AND TRANSPORT properties of the corneal endothelium are responsible for maintaining the hydration and transparency of the cornea. During aging, corneal endothelial cell (CEC) density progressively decreases by ϳ0.5% per year; however, in most individuals, this cell loss does not result in functional deficits, i.e., corneal edema, because of a large functional reserve (10) . Following surgery or trauma, or in specific corneal endothelial dystrophies, however, the endothelial cell density can drop to a threshold of 500 -700 cells/mm 2 , and loss of hydration control occurs (27) . Because the corneal endothelium does not undergo mitosis in vivo, slowing the loss of endothelial cells using protective strategies will be useful in these cases. Moreover, loss of CECs during eye banking (19, 24) and subsequent accelerated loss following corneal grafting are significant clinical problems (13) .
Increasing cell cAMP concentration ([cAMP] ) is often associated with cell protection; however, depending on cell type and the change in downstream signaling, increased [cAMP] can also be proapoptotic. For example, protection has been documented in many tissues via stimulation of membrane receptors that lead to increased [cAMP] , such as cardiac ␤-adrenergic receptors (26) , vascular adenosine A2b receptors (39) , PGE 2 receptors (21) , and brain pituitary adenylate cyclaseactivating peptide-38 (14) that typically produce protein kinase A (PKA)-dependent phosphorylation of Bcl-2 and other apoptotic factors, as well as phosphorylating the cAMP response element binding protein (CREB), leading to enhanced expression of antiapoptotic factors Bcl-2 and Bcl-xL (42) . Conversely, increased [cAMP] promotes cell death in lymphoid cells by suppressing expression of antiapoptotic members of the Bcl-2 family or enhancement of proapoptotic factors (6, 28, 32, 41) .
Exposing the corneal endothelium to vasoactive intestinal peptide (VIP), which increases [cAMP] by activation of VIP receptor G s -linked transmembrane adenylyl cyclase (tmAC) (17), provides protection against H 2 O 2 -induced apoptosis (18) . VIP increased expression of Bcl-2 and led to PKA-dependent Bcl-2 phosphorylation (16). Studies of graft survival have shown that viable donor corneas were found to highly express Bcl-2. Furthermore, overexpression of Bcl-xL prolongs graft survival (1), indicating that raising cAMP could be useful for protecting CECs.
Stimulation of VIP or adenosine A2b receptors in CECs can produce severalfold increases in [cAMP] (17, 35) through activation of tmACs. However, stimulation is generally transient, and receptors are often actively downregulated. Another source of cAMP in many cell types, including corneal endothelium, is from soluble adenylyl cyclase (sAC). sAC can be distributed throughout the cytoplasm and mitochondria, including the nucleus, and activation can lead to phosphorylation of CREB (43) . sAC is not membrane bound and not activated by the tmAC activator forskolin (4). The main stimulatory ligand for sAC is HCO 3 Ϫ (38). Bathing CECs in DMEM medium containing 40 mM HCO 3 Ϫ raised [cAMP] by 50% relative to the absence of HCO 3 Ϫ (33). Thus sAC produces a relatively low, but steady, supply of cAMP within the cell. Here we ask if the cAMP produced by sAC is sufficient to protect CECs from staurosporine (SP)-induced apoptosis. We found that HCO 3 Ϫ /sAC/cAMP is protective and that the effect may be through activation of Bcl-2.
MATERIALS AND METHODS

Materials. N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinollnesul-
fonamide (H89; LC Laboratories) is a potent and selective inhibitor of PKA. 2-Hydroxyestradiol (2HE, Sigma) is an inhibitor of sAC (31) . Staurosporine (SP) (Sigma) is (a nonspecific protein kinase inhibitor) a strong inducer of apoptosis (2). 4-(3-Cyclopentoxy-4-[ from FabGennix (SAC-101-AP). Mouse anti-␤-actin (Sigma) was used for loading control. Goat anti-mouse IgG (Sigma, 7074) was conjugated to horseradish peroxidase. Mouse anti-cytochrome c was from MitoScience (MSA06). CREB, phosphorylated CREB (pCREB), Bcl-2, and phosphorylated Bcl-2 (pBcl-2) antibodies were obtained from Cell Signaling. Direct cAMP detection kit was from Assay Designs (no. 900 -066). Annexin V (AnV)-FITC apoptosis detection kit was from BioVision (K101). Caspase-3 activity detection kit (Caspase Assay System) was from Promega.
Cell culture and stimulation. Bovine CECs (BCEC) were isolated from fresh bovine eyes, obtained from a local slaughterhouse, as previously described (34) . In brief, corneal endothelium was digested with 2.5% trypsin-EDTA at 37°C for 15 min. The cells were collected by centrifugation at 6,000 g for 5 min and transferred into a T-25 flask that contained 5 ml of DMEM medium supplemented with 10% bovine calf serum and 1% antibiotic-antimycotic (100 U/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml Fungizone). The cells were incubated at 37°C in a humidified incubator with 5% CO 2. The cells were split twice. When the third-passage BCEC grew to 90% confluent, they were seeded onto six-well plates or coverslips at a density of 1,000 cells/mm 2 , and grown to 60 ϳ 90% confluence before changing to either bicarbonate-rich (BR) or bicarbonate-free (BF) culture. In BR culture, the cells were grown in DMEM medium containing 40 mM HCO 3 Ϫ , 25 mM HEPES, pH 7.5, and incubated in a 5% CO2 atmosphere. In BF culture, the cells were grown in DMEM medium containing 25 mM HEPES, but 0 HCO 3 Ϫ , pH 7.5, and placed in an air-equilibrated incubator. BF and BR incubation was in serum-free DMEM for 48 h.
For cell treatments, BCEC grown in either BF or BR media for 48 h were incubated an additional 17 h with either 10 M 2HE, 10 M H89, 0.1 M SP, or 50 M rolipram. After treatment, cells were dissociated using trypsin for flow cytometry, or lysed for caspase assay, cytochrome c fractionation, cAMP assay, and Western analysis.
sAC small interfering RNA synthesis and transfection. Four potential sAC small interfering RNA (siRNA) primers were selected using the Ambion siRNA design tool (http://www.ambion.com/techlib/ misc/siRNA_finder.html). The primer oligos were synthesized by Invitrogen. The sequences are listed below. siRNAs were generated using the silencer siRNA construction kit (Ambion, 1620): I: sense AAAT-CATTCATCTGAGCCATGCCTGTCTC, antisense AACATGGCTCA-GATGAATGATCCTGTCTC; II: sense AATGGTGACAGAATAA-CATCACCTGTCTC, antisense AATGATGTTATTCTGTCACCAC-CTGTCTC; III: sense AAGTATGAATTCCAAACATTCCCTGTCTC, antisense AAGAATGTTTGGAATTCATACCCTGTCTC; IV: sense AATGTTTGGAATTCATACACCCCTGTCTC, antisense AAGGTG-TATGAATTCCAAACACCCTGTCTC.
Sequence I was the most efficient, resulting in 70 -80% sAC silencing.
In siRNA transfection experiments, BCEC were grown in six-well plates. At 50% confluence, the cells were washed twice with Opti-MEM (Invitrogen) to remove serum and antibiotics. For a 2-ml culture, 2 l of lipofectamine 2000 were used to transfer either 10 nM of scrambled siRNA (siCon, Dharmacon) or 10 nM of sAC siRNA. The transfection was maintained at 37°C for 4 h. The transfection medium was then replaced with either BR or BF medium. Maximum sAC knockdown was achieved at 48 h posttransfection.
Direct cAMP enzyme immunoassay. BCEC were grown in BR or BF in six-well plates. After specific treatment, culture media was removed. Cellular cAMP was extracted by incubating the cells with 0.1 N HCl (100 l/well) at room temperature for 30 min. The solution was collected by centrifugation at 6,000 g for 10 min. Clear supernatant was used for measuring [cAMP] with an ELISA kit (Assay Designs) following the manufacturer's instructions.
Apoptosis assessment with 4,6-diamidino-2-phenylindole staining. BCEC grown on coverslips were incubated in either BF or BR medium for 48 h (ϳ90% confluent). The cells were then treated with DMSO or 0.1 M SP for 17 h. After being washed twice with PBS, the cells were immediately fixed in 4% paraformaldehyde-lysineperiodate buffer for 10 min. The nuclei were stained with 300 nM 4,6-diamidino-2-phenylindole for 2 min. The coverslips were washed twice with nanopure water, air-dried, and mounted with Prolong anti-fade solution (Invitrogen). The coverslips were examined the next day for condensed nuclei using a Nikon E800 microscope using a ϫ20 objective.
Apoptosis assessment by flow cytometry. BCEC grown in six-well plates at 90% confluence were treated with 10 M 2HE, 10 M H89, 0.1 M SP, or 50 M rolipram for 17 h. The cells were dissociated using trypsin and collected by centrifugation at 6,000 g for 5 min. The cells were labeled using the AnV-FITC apoptosis kit (BioVision). In brief, cell pellets were washed twice with AnV buffer and suspended in the same buffer. Five microliters of AnV-FITC and 5 l of propidium iodide were added to 5 ϫ 10 5 cells in 500 l AnV buffer and incubated at room temperature for 5 min in the dark, and flow cytometry was performed immediately with a counting threshold of 1 ϫ 10 4 cells. Western blot analysis. Cells were washed twice with PBS and lysed with RIPA buffer containing 1ϫ protease inhibitor cocktail (Sigma), 1% SDS, 1% Nonidet P-40, 0.5% deoxycholic acid, 150 mM NaCl, 50 mM Tris-base, and 3 nM calyculin A (Sigma). Cell lysate was briefly sonicated on ice (10 pulses, pulse duration 0.2 s) and then pelleted at 13,000 g for 10 min. The supernatant (20 g) was used for protein separation by 10% SDS-PAGE. Blots were probed with sAC and cytochrome c antibodies and ␤-actin as a loading control. Films were scanned and band density determined using UN-SCAN-IT software.
Cytochrome c analysis. BCEC were lysed for separating the cytosol fraction from mitochondria using a cytosol/mitochondria kit (Calbiochem, QIA88). Briefly, 5 ϫ 10 6 cells were washed with ice-cold PBS, trypsinized, pelleted, and incubated with 100 l cytosol extraction buffer on ice for 10 min. The cells were homogenized with 30 passes of a dounce tissue homogenizer. The homogenate was centrifuged at 10,000 g for 30 min at 4°C. A 20-g protein sample of the cytosolic (supernatant) fraction was loaded on a 16% SDS-PAGE to perform Western blotting as described above. A monoclonal anti-cytochrome c antibody developed from mouse was used for detection. ␤-Actin was checked as a loading control. Protein density was measured using UN-SCAN-IT software.
Assessment of caspase-3 activity. BCEC were grown in six-well plates as two sets of cultures. Both sets were treated the same, except one set received the caspase-3 inhibitor Z-VAD-FMK (5 M). Cell extracts were made and analyzed using the CaspACE Assay System (Promega), following the manufacturer's instructions. Caspase-3 activity was indicated by absorbance at 405 nm.
Statistical analysis. Student's t-test was employed to analyze differences between BF and BR culture, and between control and treated groups. P Յ 0.05 was considered statistically significant. All data were from three or more independent experiments and expressed as means Ϯ SE.
RESULTS
We first asked if the presence of HCO 3 Ϫ , which activates sAC and increases [cAMP] in CEC by ϳ50% (33), was protective relative to a BF control. Cells were preincubated in BR or BF DMEM for 48 h before application of 0.1 M SP, a general protein kinase C inhibitor and known apoptosis initiator, for 17 h. Cells were fixed and examined for apoptosis by staining for condensed/fragmented nuclei. Figure 1 shows a representative set of images and analysis, indicating that incubation in BR was protective against SP-induced apoptosis.
To provide a quantitative assessment of protection of an earlier phase of apoptosis, cells incubated in BF and BR were examined for AnV (AnVϩ) staining by flow cytometric analysis. Figure 2A shows a representative flow cytometry result for cells incubated in BF media, where the bottom right quadrant represents apoptotic cells, i.e., AnVϩ and propidium iodide negative. Figure 2B shows this apoptosis quadrant for the various treatments, and the data are summarized in Fig. 2C . There was a small increase in AnVϩ cells in BF vs. BR, but this was not significant. However, SP-induced apoptosis was reduced 43% (P Ͻ 0.01) by incubation in BR relative to BF. Next, we tested a specific sAC inhibitor, 2HE, and found that 10 M 2HE was optimum in reducing [cAMP] (see Fig. 3 ). Figure 2C shows that inhibition of sAC activity by 2HE significantly increased %AnVϩ cells in BR, with or without SP treatment. To test if this protective effect of sAC was through cAMP-dependent activation of PKA, we incubated cells in the PKA inhibitor H89. Similar to 2HE, we found that H89 significantly increased AnVϩ cells, with or without staurosporine treatment. If protection of CEC in BR medium is through stimulation of sAC and increased [cAMP] , then increasing [cAMP] to a similar level by other means should also protect cells. Cell [cAMP] was increased in cells bathed in BF by inhibiting PDE4 with 50 M rolipram. This increases basal levels of cAMP approximately to 32.5 pmol/mg protein, which is similar to the cellular cAMP level in BR (34) . Figure 2C shows that bathing cells in BF with rolipram significantly decreased SP-induced apoptosis (n ϭ 5, P Ͻ 0.02). This level of cell viability was very similar to that seen with cells incubated in BR and stressed with SP and suggests that protection of CEC in BR is by a HCO 3 Ϫ -induced increase in intracellular [cAMP] .
Previous studies have shown that CEC intracellular pH (pH i ) is somewhat higher in BR medium (pH i 7.32) than in BF (pH i 7.15) (3). To determine whether the protection of CEC observed in BR could be due to these differences in pH i , we preincubated cells in BF medium with bath pH adjusted to 7.0, 7.5, and 8.0 for 48 h. These extracellular pH values corresponded to pH i of 6.88, 7.12, and 7.32, respectively (34). This incubation was followed by 50 nM SP (17 (33, 34) . These data indicate that the protection in BR seen in Figs. 1 and 2 is not simply due to differences in pH i .
To definitively determine that the protection of CEC in BR solutions is due to sAC activity, we used a siRNA approach to knockdown sAC expression. Expression of sAC was examined in cells incubated in BR or BF, each under three conditions: no treatment, scrambled sequence control siRNA (siCon), and sAC-specific siRNA transfection. A representative Western blot and summary data are shown in Fig. 4A . First, the absence of HCO 3 Ϫ reduces sAC expression by at least twofold relative to BR. This differential expression was also reported in a previous study (33) . The cause is not known, but is not due to differences in pH i or [cAMP] between the two conditions (33). Second, siCon transfection (lipofectamine ϩ scrambled sequence siRNA) produced a small drop in sAC expression in BF and a slightly larger decrease in BR; however, neither change was statistically significant. Last, treatment with the sACspecific siRNA produced significant decreases in sAC expression in BR (Ϫ80%, P Ͻ 0.03) and BF (Ϫ85%, P Ͻ 0.01) relative to no treatment, whereas the decrease in sAC expression relative to the scrambled control was 71 and 75% (P Ͻ 0.05), respectively, in BR and BF. In summary, the sACspecific siRNA is effective; however, sAC expression is somewhat sensitive to the transfection process.
Using cells treated under the same three conditions, we examined the proportion of AnVϩ cells by flow cytometry. Figure 4B shows that the transfection process with the scrambled control (siCon) produced a significant increase in apoptosis in cells bathed in BF, but not BR. However, sAC-specific siRNA treatment significantly increased apoptosis relative to siCon in both BF and BR incubated cells. Figure 4B also shows that, in the presence of the apoptosis inducer SP, siCon-treated cells were still significantly protected in BR (16.5% AnVϩ) relative to BF (26.1%, n ϭ 5, P Ͻ 0.05). However, SP-induced apoptosis of sAC siRNA-transfected cells in BF and BR showed a very similar level of AnVϩ staining (45% for BF vs. 42.5% for BR, n ϭ 5, P Ͼ 0.05). Analyses using two other markers of apoptosis, cytochrome c release and caspase-3 activity, showed similar results. Figure 5 shows that 2HE and sAC siRNA significantly increased caspase-3 activity and cytochrome c release in both untreated and SP-treated cells. Elimination of the protective effect of HCO 3 Ϫ in sAC siRNAtreated cells indicates that sAC provided significant protection from apoptosis in CECs. Last, protection that is associated with increasing [cAMP] suggests that the antiapoptotic factor Bcl-2 is being activated (16, 17) . We explored this by examining CREB and Bcl-2 phosphorylation in CEC incubated in BF or BR and treated with 2HE or siRNA. Figure 7 shows that, in BR-incubated cells, both pCREB and pBcl-2 were elevated; however, this was not statistically significant. However, treatment with 2HE or siRNA significantly reduced pCREB and pBcl-2. This result, together with our finding that the PKA inhibitor H89 significantly increased apoptosis (Fig. 2) , suggests that the sAC-derived cAMP protects CECs in a PKA-dependent manner.
DISCUSSION
Increased cellular [cAMP] is protective in many cell types (11, 12, 23, 30) , and this has also been demonstrated for corneal endothelium (16, 17) . All of these studies, however, have used exogenous agonists that act through membrane receptors that activate membrane-associated adenylyl cyclase to produce substantial and relatively transient increases in cAMP. Here we show that endogenous activity of a nonmembrane associated adenylyl cyclase (sAC) activated by a ubiquitous agonist (HCO 3 Ϫ ) can also produce sufficient cAMP that is protective. The corneal endothelium has a robust 1Na ϩ -2HCO 3 Ϫ cotransporter (NBCe1) that maintains a high level of intracellular [HCO 3 Ϫ ] (22). Therefore, sAC produces a relatively steady, but small, amount of cAMP (33) that contributes to the basal cAMP pool and maintains cell homeostasis. Our results suggest that modulation of sAC activity could significantly influence the balance between pro-and antiapoptotic forces, especially when cells are under stress.
Our findings are in contrast to a recent study showing that mitochondria-associated sAC is proapoptotic in an ischemiaacidosis model of cell death in rat coronary vascular endothelial cells (20) . In this model, however, tmAC-derived cAMP was protective, suggesting that the mitochondria-specific sAC is responsible for promoting apoptosis. Moreover, in hypoxiaacidosis, mitochondria sAC in the vascular endothelial cells is activated by Ca 2ϩ overload and not HCO 3 Ϫ . The mechanism by which mitochondrial cAMP promotes apoptosis in those cells is obscure. In BCEC, tmAC or sAC activation has similar protective actions. These differences suggest that BCEC mitochondria may lack sAC, may lack the signaling pathways that are provoked by cAMP in the coronary endothelial cells, or ϩ significantly higher than BR;^significantly higher than BR ϩ SP: P Ͻ 0.05. Fig. 3 . Quantitative assessment of cyclic AMP (cAMP). Cellular cAMP was extracted from BCEC with 0.1 N HCl. BCEC were cultured either in BF or BR. Increasing concentrations of 2HE were applied for 17 h to the cells that were grown in BR before extracting cAMP. The data were an average of at least three independent experiments and expressed as means Ϯ SE.
that apoptosis via ischemia-acidosis uniquely requires Ca 2ϩ activation of mitochondrial sAC.
For cultured BCECs, BR ringer is protective against SPinduced apoptosis, as evident from fewer condensed nuclei and a reduced proportion of AnVϩ cells (Figs. 1 and 2 ). This protective effect is not due to differences in pH i between BR and BF conditions. Moreover, in BF, the addition of the PDE4 inhibitor rolipram raised [cAMP] to levels comparable to BR and increased cell survival to a similar level. This rescue effect by rolipram strongly suggests that cAMP, a direct product of sAC activity, is an intermediate for cell protection.
To confirm that sAC is directly linked to the differential cell survival produced by HCO 3 Ϫ , sAC activity was reduced by 2HE, and sAC expression was silenced with siRNA. In BCEC, 10 M 2HE reduced [cAMP] by Ͼ60%. This had a profound effect on both basal and SP-stimulated apoptosis rates (Figs. 2,  5 , and 6). sAC-specific siRNA greatly reduced sAC expression in BR and BF incubated cells, increased the %AnVϩ cells in BF and BR, and eliminated the protective effect of BR in SP-treated cells (Fig. 4) . The protective effect of BR was also tested using two other markers of apoptosis, cytochrome c release and caspase-3 activity. The sensitivity to 2HE or siRNA was consistent with sAC as the source of the protection in BR.
In nontransfected cells, the absence of HCO 3 Ϫ reduces sAC expression relative to BR (Fig. 4) . Previous studies (33) indicated that it is not due to differences in pH i or [cAMP] between the two conditions. Possibly it is a direct effect of HCO 3 Ϫ . Modulation of transcription or translation by CO 2 /HCO 3 Ϫ has been demonstrated in bacteria (5, 15, 40) , but not eukaryotic cells. However, given the close homology between the catalytic domains of mammalian and cyanobacterial sACs (4), which are also HCO 3 Ϫ responsive, it is conceivable that mammalian sAC transcription/translation is HCO 3 Ϫ dependent. Interestingly, lipofectamine, together with the scrambled sequence siCon, also decreased sAC expression and increased the %AnVϩ cells under both BR and BF conditions (Fig. 4) . Consequently, there was a decrease in basal and HCO 3 Ϫ -stimulated [cAMP] (Fig. 6) . Although unlikely, we cannot exclude that this is due to off-target silencing of sAC. Another possibility is that sAC expression is very sensitive to stress, suggesting that regulation of sAC expression (in addition to sAC activity) could be a component of the overall cellular proand antiapoptotic forces (7) .
If CREB phosphorylation is a key step in the transcription of cAMP-sensitive genes like Bcl-2 and has been shown to be an integral part of cAMP-induced cell protection (8, 25, 37) . The small increase in cAMP generated in BR is sufficient to increase phosphorylation of CREB and Bcl-2 and was significantly reduced by the sAC inhibitor 2HE or treatment with sAC-specific siRNA (Fig. 7) . The sACdependent phosphorylation of Bcl-2 probably contributes to the antiapoptotic effects of increased cAMP by sAC activity, but we cannot exclude other contributors, e.g., cellular inhibitor of apoptosis-2 (29) which is induced by CREB phosphorylation, or phosphorylation of BAD by PKA (9) . While further studies are needed to determine the downstream contributors to protection, what is clear is that the phosphorylation of CREB in response to the relatively small changes in [cAMP] from sAC activity is consistent with the protective effects of BR.
In summary, our results support a role for sAC in protection of CECs, which is consistent with the known protective effects of cAMP in CEC and other cell types. Modest changes in basal cell [cAMP] as a result of changes in sAC activity and expression can have profound effects on cell survival and protection from apoptotic stress. The sensitivity of sAC expression to the stress of siCon transfection, as well as cellular [HCO 3 Ϫ ], suggests that sAC is a component of a stress signaling pathway that will modulate the balance between pro-and antiapoptotic forces. Further studies are needed to understand the mechanisms for regulating sAC expression and the possible role of sAC in stress detection and regulation of apoptosis.
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This project was funded by National Eye Institute EY08834. Ϫ and sAC inhibition on phosphorylated cAMP response element binding protein (pCREB) and phosphorylated Bcl-2 (pBcl-2) levels. Confluent cells were incubated in either BR or BF for 48 h. Total CREB, pCREB, total Bcl-2, and pBcl-2 were analyzed by Western blot. A: pCREB and pBcl-2 were examined by Western blotting. 30 g of BXE cell lysate were taken from BF culture (lane 1), BR culture (lane 2), treated with 10 M 2HE (lane 3), or 10 nM siRNA (lane 4). B: semiquantitative assessment of protein density. The relative level of pCREB and pBcl-2 were normalized to totalized by total CREB and Bcl-2, respectively. The data are representative of three independent experiments and expressed as means Ϯ SE. *P Ͻ 0.05.
